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Al)st rad

‘1’hc signals from the Cassini  spacecraft that will bc used for radio science experiments will bc
affcctcd by delay fluctuations in the l{arth’s atmosphere. ‘J’hcsc  fluctuations arc ctominatmt by water
vapor in the troposphere, and in the case of the Gravitational Wave l:,xpcrimcnt  (G W}{),  they arc likc]y
to bc a limitin~,  error source. A passive remote scminp, systcm, centered around a water vapor
r:idiomctcr  (WV R), has been ctcvelopcd to provide. calibrations of water vapor fluctuations during radio
scicncc cxpcrimcmts. ]Iuring the past two years, most of’ the technical challcng,cs  involved in the design
of this instrmcnt  have bccll ovcrcomc  and wc arc rcacty  to begin il~~]~lc~]lc~ltatiol].  We will discuss the
performance that has been dcmonstratwl  with the current generation of WV]< i~lstrl~Ille~~tatjo~]  and the
general design ofthc  packa~;e  that Will bc installcc] at the Golctstonc  tracking site. ]n addition, recent
results obtaincct  for a comparison of co-located WVRS and Cllobal  Positioning System (G1)S) rcccivcrs
will bc prcsmtcct. ‘1’he possibility of using these results to estimate gradients anct/or fluctuations in the
clry atmosphere will bc discussccl.

lntroduc(ion

1 )uring the long cruise and orbital phases of the (:assini mission, a large number of raclio  scicncc
cxpcril  ncnts arc possible. One of the most ctcmancting  cxpcrimcnts,  at least in terms of the supporl
tcclmology  required at the ground station, is the Gravitational Wave l;xpcrimcnt  (G WI t). l~igurc 1 shows
the five major categories of the G WI; error buctgct. Ificrtncll is the thermal noise set by the signal-to-
noi sc rat io. S7C denotes various sources of error from or on the spacecraft, ~;rd An~ incticatcs errors duc
to n~ecl~anical  or thermal effects on the ground antenna, of which the time dcpcndcncc  is often poorly
unclcrslooct,  (i~oll}d  denotes the error contribution by the clcctrcmics  (including frequency stanclarcl)  at
the p,rounct  station, and l’mp  clcnotcs the errors from the propagation medium. Wc scc that the major
source of error for time scales longer  than approximatcl  y 100 SCC, will come from fluctuations in the path
delay i]nposccl  primarily by the l;arth’s atmosphere along,  the spacecraft line-of-sight,

‘1’hc path delay through the atmosphere is composcct of two components. “J ‘hc largest, cal]cd the
dry ctclay, is CIUC primari 1 y to the well-mixed components of oxygen and nitrogen; it imposes about 2,5 m
of extra path ctclay  at the zenith, “1’hc second component, termed the wet delay, is CIUC to water vapor
which is not welt -mixecl in the atmosphere. “1’hc  dry delay changes at the lCVCI of a few mm over time
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scales  of many hours or days. ‘l’he wet delay is typically ICSS than 20 cm at the zenith, but is highly
variable over a wide variety of time scales.

Several years ago, our group embarked on an effort to develop a subsystem that would measure
water vapor fluctuations along the ]inc-of-sight  for the G W] t. “l’he requirement is to measure down to
elevation ang]cs of20 deg. and calibrate both uplink and downlink signals to an Allan Stanclard  Deviation
of 1.5 x 10-’5. ‘l’his  year, the implementation of this subsystem will begin at our Goldstonc  tracking
station in prcparat  ion for the G WI 1 observing sessions that wi 11 be held during the spacecraft cruise from
llarlh  to Saturn. “1’his  paper presents a brief report on our progress toward achieving the calibration
accuracy required by the (3W1 L ‘l’he conceptual design of the subsystcm  and sornc of the major features
is also discussccl, Many of these features should bc useful in other radio scicncc  experiments besides the
GWl;.

lhckground

l:or over 2.0 years, various groups around the world have cxpcrimcntcd  with the techniques of
passive remote sensing to measure amount of water vapor in the ] larlh’s atmosJ>hcrc.  ‘1 ‘he conceptual
basis is very straightforward and is illustrated in Figure ‘2. 1 lm, we show the brightness tcmpcraturc
(i.e. the power) as a function of microwave frequency, that would bc measured by a power meter (i.e. a
radiometer) directed at the z,enith, from a sea lCVC1 observing location, under a standard atmosphere
containing 2 g/cn~z of precipitab]c  water vapor (l’WV) that was cxponcntial]y  distributed.

‘Jlmrc  arc twc) important fcaturm to bc noted in l;igure  2, l;irst, there is a rcsonancc from the
water vapor molccL]Je  at a flcquency  of 22,2 G] IZ and the slrcn~:th of this resonance is proporliona]  to
the amount  of water vapor along the Jinc-of-sight.  Wc usc a ckwicc called a Water Vapor Radiometer
(WVR) to measure the power contained in this spcclra] line and this device is the heart of our calibrtition
subsystcm,  ‘1’hc technical challcngc  is to reliably detect changes in Iinc strength at the level ofa few mini
Kelvin on time scales up to 10,000 seconds. ‘l’his implies a radiometer with abso]utc  stability of a few
parts in 10s. IJI fact, this level of stability has been clcmonstratcd  with a laboratory prototype
instrunlcnt.

‘J’hc second feature to notice is ccntcrcd  approximatc]y  at 60 G] Iz and rcprcscnts absorption and
emission by a comp]cx of lines from the oxygen nlo]ccLIlc.  lJsing  radiometer mcasurcmcnts  at optimal  1 y
sclcctcd frequencies along  tltc wing of this coJnplcx of Iincs and by tipping the radiometer to various
elevation angles, it is possible to estimate the vertical temperature profile ofthc atmosphere. For this
reason, the raciiomctcr is called a Microwave ‘1’cmpcrat  urc l)rofiler (M’l’l)).  } Ntimates of the tempcrat ure
profile arc used to improve the vapor path delay provided by the WVR by roughly a factor of five
according to our simulated retrievals. in addition, the. M’l’l) can bc fixed at a given elevation and turned
S]OW] y in azimuth resulting i J~ an estimate of the horiz,o]~tal homogeneity of the tcmpcrat  urc field around
the observing site. ‘1’his information can bc USCC1 to estimate horizontal gradients in the dry delay of the
atmosphere.
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Current Status

When (hc effort to develop an atmospheric calibration subsystcm  for Cassini radio science was
begun about three years ago, it called for approximate] y an order of magnitude improvement in the then
currcl]t  sensing technology. A carcfu] error analysis of the subsystem was completed and parallel efforts
on Ihe major sources of error were begun.  Since the subsystem wc are building is so much bct[er t}-[an
anything else in existence, we face the problem of conclusivcl  y clcmonstrat  ing that we arc indeed
achieving the required ICVC1 of calibmtion  accuracy.

“l’he demonstration problem has been aj~proacbcd  by crafting a comparison between W Vf{s and a
hip]ll  y precise radio intcrfcromcter,  i.e. using the techniques of very long baseline intcrfcrometry  (V] ,111),
IJigurc  3 illustrates the concept ofthc  experiment which has been rlcscribcd in detail by ‘1’eitclbaum et. cd.
[ 1996]. ‘1’wo large antennas are used to observe a clistalit  radio source but maintain coherence mine, a
conmIoJl set of oscillator frcqucncics  to hcterodym the rcceivcd signal, “1 ‘he signal from each antenna is
compared to estimate the difference in delay; the gmnetly and instrumental effects are moclclcci  wit}l
high accuracy, and what is left as a residual is dominated by unmoclclcd atmosphere effects. F’or these
cxpcrimcnts  we used two misting WVRS that have been upgraded, placed them near the VI ,1]1 antennas,
and observed along the line-of-sight to the radio source as much as possible.

‘Ih WVRS each produce a time series of delay estimates which arc then diffemnced  and this
(ii ffercnce is then compared to the delay measured by the radio intcrfcrometcr  as shown in l’igure 4.
over a roughly 15 hour pcriocl,  many radio sources were obscrve,d with the intcrferomctcr at various
Jmsitions in the sky. ]~igurc  4a shows the residual delay comparison between the intcrfcromctcr and the
WVRS for only those observations for which the WVR could m-point. ‘l’he VI ,111 data shown in l;igurc
4a shows a rcsiclual  delay of 44 psec which is rcduccd by almost a factor of three aflcr calibration with
the WVR data. ‘l’he remaining residual, of 17 pscc, is consistent with current estimates of the noise floor
for both the intcrfcromckr  and WVRS.

Most of the radio sources in this experiment were observed for only three minutes before moving
to another source. 1 lowcvcr, three strong sources were each observed continuously for approximately
30 minlltcs  at various periods during  the cxpcrimcnt.  l~igure 4b shows the same comparison bctwccn
intcrf’clomtcr  ancl W VI< as dots 1 ‘igurc  4a but on m expanded t imc scale as wc tracked the source. ‘1 ‘his
situation approximates the observing strategy that will bc used for Cassini  radio scimcc  cxpcrimmts  and
tests our ability tc) track delay fluctuations. ‘1’he differences SCM in this figure are consistent with the
fact that the WVR and interferometer arc sensing slightly different portions of the atmosphere. ‘1’his is
cIuc to the larger bcamwidth of the WV]{, and its physical offset from the intcrfcromctcr antenna.

‘1’akcn tog,cthcr, the.sc two figures  give us confi(icmcc  that it is inclccd possible to achicvc  the
ncarl  y order of magnitude improvement rcquiml to cali bratc the at mosphcrc for the G W1;. ‘1 ‘hc top
fig,ure indicates that our retrieval algorithms, used to convert the WVR observable to path delay,  arc
robust  over at least a factor of two in atmospheric opacity. ‘1’his is important bccausc  of the neccl  to
track the spacecraft from elevation anp,lcs of 20 dcgrccs  (or lower) to about 55 clcgrccs.
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‘J’o date, all efforts have concentrated on calibrating wet atmospheric fluctuations. It has not yet
been possible to devise a tcchniquc  to calibrate line-of-sight dry atmospheric fluctuations, which
although  smaller arc stili of interest to the tots] error budget  of some radio science experiments.
1 lowcvcr,  it may be possible to estimate the magnitude of dry fluctuations even though the line-of-sight
can not be calibrated, As evidcncc  of this possibility consider I~igurc  4. 1 lcrc, the wet zenith  delays
estimated from two very independent techniques arc compared. In this experiment which  spans 25
days, the wet delay cstimatccl by a WVR is compared with that estimated from a co-located Global
l’ositionin~  System ((3PS) receiver.

‘1’he G1’S receiver is part of a world-wide network of similar receivers used primarily for geodetic
purposes. ‘J’hc data from this network is gathered at JI’I ~ and analyzed. (hlc of the estimated
parameters is the total zenith atmospheric delay (both dry and wet components) over each receiver. A
barometer is used to estimate the total dry delay for the GPS receiver, and subtracted from the GPS
estimate of total delay to .@ the wet delay. ‘l’his GPS estimated wet dc]ay, to~,cther with simultaneous
W VI{ measured wet delay arc shown in l~i.gure 5.

Although close examination of IFigurc 5 reveals obvious systematic effects, the good agreement
over a fairly wide range of wet delay values and the small bias, IcacJs us to be optimistic that there is
potential in the G1’S data type. IMing  the next year wc will investigate whether the difference between
the G1’S and WV]{ wet delays can really be ascribed to dry delay fluctuations. Also, since the GI)S
spacecraft cover a wide range of elevation and a~,imuth  arouncl a given receiver, it is possible they can
also provide information about horizontal  gradients in the (iry delay.

Subsystcm l)csign

]:igurc 6 shows a block diagram ofthc atmospheric calibration SUbSySIC1ll  that wc arc Jmw
starlinp,  to build for CIassini  Raclio Science. It consists of an Advanced WVR (AWVR), a Microwave
‘1’enlpcrature  l)rofilcr (M’]l)), a set of instramcnts that will measure surface pressure, tcmpcraturc,
relative humiclity, win(i  speed, wind direction, and two cameras, onc in the visible and OJIC in the infrared,
1 )cJ>cncling on the results of the coming years investigations, wc may a]sc) iJlc]udc a G1’S receiver in the
subsystem.

‘1 ‘he A WVR will be ~nounted  on a clear aperture antenna having a bcamwidth  of aJ~proxinlatel  y 1
clcgrcc,  placed near the 34 m antenna that will bc used to track ~assini, and commanded to track along the
same lil~c-of-sight  during raclio  science cxpcrimcnts. ‘l’his ncw WVR will cxccccl  the stability ofcxisting
instrumcmts  by almost an orcicr of magnitude more stable than. It wi]] be about a factor of three more
sensitive, have a bcamwidth  approximately 7 times narrc)wcr that current WVRS, and be able to track
dc)wm tc~ elevation ang]cs of20 degrees.

‘1’hc MCI’]) will also be indcpcndcntly  mounted but will not pc)int  along the line-of-sight, We have
not dcvcloJ>cd an observing strategy for this instrument yet but most likely it wi]] intcrspcrsc tip curves
with azimuth scans. ‘]’hc tip curves will be usccl to estimate vertical temperature profiles which will then
bc LmcJ to reflnc the retrieval algorithms fcw the AWVR.
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Surfac.c  mctccmlogical measure.mmts arc also used to “twcak” tllc  Ictricval  algorithms for botl~
the A WV]< and the Mrl”J’. ‘1’he cameras arc poitltcxl  alo]]g the borcsight  of the atltcnna  and provide the
cxpcrimcntcr with a picture of sky conditions for both (lay tmd ni[<]lt.

‘1’hc subsystcm wi]] provide real-time estimates of ]inc-of-sight  path dc]ay,  the amount of liquid
water (i.e. in clouds), the total zenith delay, surface conditions, and pictures of the sky along the litm-of-
si~ht. I ;vcrytl~ing,  will be controlled remotely from a radio scicncc workstation located at J]’],. If there is
interest by the cxpcrimcnters and wc can satisfy the I ISN security COIKCIIIS,  all of the subsystenl  output
could bc put onto the World Wide Web.

‘1’hc research described in this paper was carried out by the Jet Propulsion 1,aboratory, {California
institute of ‘J’cchno]ogy,  under a contract with the National Aeronautics and Space Administration,

Rcfcrcnm:

‘1’citcll~aum,  1,.l)., R. 1’. 1,inficld,  C;.M.  Rcsch,  S,.1. Kcihm, M..l. Mahoney, “A IIcmonstratioll  of l’rccisc
~alibrat ion of ‘1’ropospheric. l>clay  l;luctualions  With Water Vapor Radio meters,” “1’I)A l)rog. Rcpt. 42-
126, Aug. 15, 1996

5



f z

+-’1XIO-2S%
g

z
&
b
0
a.)

—.. - —-- ._. - _ ,+e-–--–---— ___ :+..
$jx](p=
a)
UT /0.- / ‘“. .z /““”/ \

d
_+-

__— —---

/ I

---- l)rop

—-— Ground

—-- Grd Ant

——— Slc

— _ ‘1’hcrmal

—  ‘1 ‘ O - I A ] ,

-’”+--’--r  1,, <l qlxlo - “-””~40.00001 0.0001 0.001 0.01 0.1 1
l;rcqucncy  (} Iz)

I;igurc 1 - l)oppkr error budgcl for the GWli

4oo~- ——. —

\---------

l’wv ‘ 2.0 g/cm2

. . . ...”
l’wv ‘  ()

l;recpmcy  (G] Iz)

l;igure  2- ‘1 ‘]1(: zenith brig]ltncss tcmpcrat  we of the atmosphere bctwccn
1 to 300 G] IZ with and without water vapor.

6



~~

?
I’hasc May :- }’ath 1 - l’ath 2

I Figure  3- Gmparison of V] ,111 and WVR delay mcasurcmel~ts

m I
——_. _.

~ VI ,111 ___’73T.on: time scale, multi~)lc  sources

‘fA

44 pscc = 1.3 CHI before calibrati{)l),* --:
I, -II pscc = 0.5 cm aflcr WVI< calibratic

Y
9

- . .
‘e

●

-w+.
15 ——---”~2;-”~17 21 1 29

___ ‘ L .  _
- - - - - - “1’ime,  (LJ’J’ hOLII.S)

- - - -  - - - - -

15-----e-
--~ - -

~; 10
P&
>> 5
cd>- ,
do
%
-3 -5. ~:

2.]()

-15

‘1’imc (sccmld)
l:iguxe 4- VI ,111/WVI<  II)tcrcc)]l)r):irisorl  - CiolcJstoI)c, Scpt 1994

7



.,

.!

25--

.[

20-

~

—
---- GI’S wet delay

-4

() ‘-l–--T~~r~_,._._.
25 30 ~~~

35 -1
40 45 so

‘1’imc (days, .lumr 1, 1996= 1)

]:igurc 5- (hnparisOn Of G1’S estimates ancl WV]< mcasurmc]lts of the wet
mnith  clclay for a 25 day period in JLIt]c/July  1996

F=%- +
‘--”ZSTI

__._._Y’]’J’CSSUIC,

Rclalivc  IIumidily
Wind speed

—. .—

~~y .—:

cl-l
.— _

(kmcra, <

] nfrarcd
I,AN

r--

‘J’o J] ’l,
+

— IIltcmd
GPs
Rcc.civcr

IJigurc  6- ‘1’hc proposed block diagram of the almsophcric calibration
subsystem for (Iassini radio science.

8


